Abstract. SiO 2 -ZrO 2 sols have been prepared via acid catalysis using a commercial colloidal suspension of zirconia and two silica alkoxides; tetraethoxysilane (TEOS) and methyltriethoxysilane (MTES). Suspensions with 10, 15 and 25-mol% of ZrO 2 were prepared. The stability of the suspensions was followed by rheological measurements showing that the amount of water incorporated with the colloidal suspension is the factor that limits the maximum ZrO 2 content. Coatings have been prepared by dipping using the suspensions up to 25-mol% ZrO 2 onto glass-slides at different withdrawal rates. EPD process has been used to prepare coatings onto stainless steel AISI 304 using the suspension with 25-mol% ZrO 2 at different pHs. The parameters associated with the EPD process (current density, electric field, potential and deposition time) have been evaluated. The critical thickness for a ZrO 2 addition of 25-mol% was 0.8 µm and it increased for diminishing ZrO 2 content. 
Introduction 18
The sol-gel process is considered a suitable method that report the preparation of silica-zirconia films an 37 the difficulty to obtain crack-free coatings thicker 38 than 0.5 µm [5] [6] [7] [8] in a single layer. This fact 39 restricts the use of these coatings with protective 40 purposes.
41
Some works have been developed using EPD process 42 to obtain thick silica coatings onto stainless steel us-43 ing either acid-catalysed sols containing colloidal par-44 ticles, or basic-catalysed particulate sols. These works 45 have demonstrated that the use of EPD process can in-46 crease the critical thickness of the coatings over that 47 reached by dipping [9, 10] .
48
The present work examines the preparation of 49 SiO 2 -ZrO 2 sols via acid catalysis containing up 50 to 40% mol of colloidal ZrO 2 to produce hybrid 51 glass-like coatings onto steel substrates by EPD 52 and dipping. The stability of the sols and the pro-53 cessing parameters involved in the preparation of 54 sols and coatings by dipping and EPD have been 55 studied. and (m) the particle concentration.
74
The pH of the 25Zr suspension was modified toward 75 acidity and basicity adding HCl and tetramethylammo-76 nium hydroxide (TMAH), respectively.
77
The rheological characterisation of the suspensions the maximum rate and decreasing again to 0 in 5 min.
84
Coatings were deposited by dipping on glass sub- ZrO 2 that produces the unstabilisation of the suspen-113 sion. Therefore, the amount of water is the factor lim-114 iting the ZrO 2 particles content, which can be incorpo-115 rated to the suspension.
116
The evolution of the suspensions was followed 117 through viscosity measurements as a function of con-118 centration, composition and time. Figure 1 shows the 119 evolution of viscosity with shear rate of 25Zr suspen-120 sion with concentration 210(110)g/l as prepared and 121 after 268 h at 25
• C. The fresh suspension shows a 122 Newtonian behaviour with a viscosity of 5 mPa.s. Af-123 ter 268 h, the viscosity increases and the suspension 124 becomes thixotropic. The increment of viscosity is re-125 lated to the evolution of the condensation reactions that 126 increase the cross-linking and the agglomeration of the 127 particles. A similar behaviour was observed for com-128 positions 10Zr and 15Zr.
129
In order to increase the stability of the suspensions 130 they were diluted with absolute ethanol up to 120 g/l. 131 Figure 2 plots the evolution of viscosity with time for 132 compositions 10Zr, 15Zr and 25Zr showing that the 133 stability decreases for increasing amounts of ZrO 2 due 134 Figure 1 . Evolution of the viscosity with the shear rate for the composition 75Zr. to the larger amount of water incorporated. The con-135 centrated suspension 25Zr maintains stable for 100 h,
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136
while the diluted one maintains stable over 190 h.
137
A structure similar to that described by Mennig [11] 138 is expected for these sols (Fig. 3 
163
The suspension 25Zr was selected to obtain EPD 164 coatings, since it has the highest content of ZrO 2 with 165 adequate stability. A withdrawal rate of 3 cm/min was 166 used to extract the substrate, in order to distinguish the 167 contribution of EPD respect to dipping. Figure 4 shows 168 the evolution of weight per unit area with the current 169 density for suspensions 270(110) g/l and 120(40) g/l 170 for a constant deposition time of 5 min. A change of 171 slope is observed for both suspensions, as in other sol-172 gel systems [15, 16] . The deposition mass varies slowly 173 up to current densities of 1.2 and 0.8 mA/cm 2 for sus-174 pensions 270(110) g/l and 120(40) g/l, respectively. 175 Above these values the deposition rate increases.
176
Homogeneous coatings were obtained using the con-177 centrated suspension within a wide current density 178 range. In the case of diluted suspension (120(40) g/l), 179 homogeneous coatings were only obtained for cur-180 rent densities lower than 0.8 mA/cm 2 ; for higher val-181 ues, preferential deposition of the particles was de-182 tected, leading to heterogeneous coatings. Maximum 183 dry thickness of 1 µm and critical thickness of 0.8 µm 184 were reached with both suspensions. All the coatings 185 present a good adhesion to the substrate.
186
In order to increase the thickness and the homo-187 geneity of the coatings two aspects were considered. 188 (m = deposition mass, C = concentration, t = 222 deposition time, A = area, µ e = electrophoretic mobil-223 ity and E = electric field).
224
However, Fig. 5 shows an increase of mass with de-225 creasing pH. This could be explained through a signif-226 icant increase of the electrophoretic mobility, µ e , for 227 lowering pH.
228
The deposition kinetics of the suspension 120(40) 229 g/l at pH3 was studied at two current densities (Fig. 7) . 230 For a current density of 0.55 mA/cm 2 the deposition 231 mass maintains constant for 2 min of deposition. Over 232 this time, the deposition rate increases quickly. In the 233 case of 0.77 mA/cm 2 an increment in the deposition 234 mass is observed from the beginning of the test. In 235 both cases, homogeneous coatings have been obtained. 236 However, neither the maximum dry thickness nor the 237 critical thickness was increased. Polyvinylbutyral (PVB), etc.
